Introduction
Resistin is a recently discovered hormone secreted by white and brown adipose tissue, 1,2 monocytes, bone marrow and other tissues. [1] [2] [3] The first study on resistin by Steppan et al suggested a possible metabolic effect on insulin sensitivity in murine models. In mice, elevation of resistin levels leads to insulin resistance and glucose intolerance, symptoms of type II diabetes. 2 Administration of recombinant resistin to animals mimics these symptoms, that is, impaired glucose tolerance without changing insulin levels. This negative effect was reversed by blocking resistin action with an antiresistin protein.
In addition, administration of rosiglitazone, an anti-diabetic agent, lowered the blood levels of resistin and improved glucose tolerance. These findings suggested that resistin reduces peripheral insulin sensitivity. Further studies in mice have reported contradictory findings on the role of this hormone in the regulation of insulin sensitivity. Moore 11, 12 found higher levels of resistin protein and mRNA in the visceral and subcutaneous abdominal adipose tissue, as compared to the thigh and breast. Resistin expression was detected in isolated human pre-adipocytes and adipocytes, suggesting a possible link between central adiposity and insulin resistance-related conditions. However, the role of resistin in insulin sensitivity in humans is unclear and further research is needed. The expression of proteins involved in the inflammatory response is increased in obesity states, implying that the observed metabolic abnormalities may be associated with chronic inflammation. 13 One marker of inflammation, the C-reactive protein (CRP), is produced in the liver and adipose tissue, and contributes to regulation of insulin sensitivity.
14 This protein is associated with adipokines, and is considered a robust marker for diabetes and cardiovascular disease. 15, 16 Resistin is another protein believed to be involved in the inflammatory response. This protein was initially found in allergic pulmonary inflammation in mice. Stumvoll et al 17 proposed that resistin could be involved in subclinical inflammatory processes.
The human resistin gene is located on human chromosome 19p13.3. Several polymorphisms of this gene have been identified in humans, and associated with traits related to obesity and insulin sensitivity. 18, 19 The complex nature of obesity and its related disorders indicates that the single candidate gene approach may not be the most appropriate for the study of these conditions. 20 Thus, the genome scan approach has been applied to investigate the genetic component in obesity in a variety of populations. [20] [21] [22] This method allows the analysis of large numbers of polymorphisms across the entire genome, with no a priori assumptions of the influence of particular genes on a phenotype. 20 Some quantitative trait loci (QTLs) influencing obesity and insulin resistance-related phenotypes have been detected consistently by this approach. [20] [21] [22] In this project, a genome scan will be conducted to identify the QTLs influencing the expression of resistin mRNA in omental adipose tissue of baboons.
Materials and methods

Animals
The data for the present study were obtained from 404 randomly bred, pedigreed, adult baboons from the colony at the Southwest Foundation for Biomedical Research (SFBR) in San Antonio, TX. The baboons in this sample were comprised of 11 classes of relative pairs, and included 277 females and 127 males. The majority of the animals were olive baboons (P. h. anubis), with a smaller proportion of yellow baboons (P. h. cynocephalus), and crosses between those two subspecies. Animals are gang-housed and share the same low-fat Chow diet (Harlan Teklad 15% Monkey Diet, 8715).
Sampling and phenotypic data For sample collection, baboons were sedated with ketamine after overnight fasting. Body weight was measured on a calibrated electronic balance (GSC, Chicago, IL, USA) and body length was measured between head and feet, with the animals lying on their back. Body mass index (BMI) was calculated as weight in kg divided by the squared length expressed in meters. Blood samples were collected from the antecubital vein as 4 ml in sodium fluoride tubes for glucose analysis, and 7 ml in EDTA tubes for insulin and cytokine measurement. The plasma was separated by centrifugation at 2000 g, aliquoted and frozen for further analyses. A 1 g biopsy of omental fat was obtained as described elsewhere. 23 Glucose analyses were performed in an Analox spectrophotometer and insulin was measured by RIA using the kit by Linco Research, Inc (St Louis, MO, USA). The C-reactive protein was analyzed by radioimmunoassay (Linco Research Inc.). Parameters with variations 45% between duplicates were reanalyzed. Samples of omental adipose tissue were analyzed for triglyceride content, cell size and cell number per gram of tissue as described by Lewis et al. 24 The remaining sample was frozen immediately and stored at À801C. Total RNA was isolated from adipose tissue with TRI REAGENT (Molecular Research Center, Inc., Gaithersburg, MD, USA). RNA integrity was verified by staining with ethidium bromide on a 1.2% agarose gel. The isolated RNA samples were treated with RQ1 DNAse (Promega, Madison, WI, USA) for 15 min at 371C for digestion of traces of DNA.
The cloning of a partial baboon cDNA for resistin and the development of a quantitative, real-time RT-PCR assay were performed as described by Tejero et al. 25 The sequences of forward and reverse primers for the realtime, quantitative RT-PCR were 5 0 TCCTCCTGCCTGTCC TGG 3 0 and 5 0 CGCCCTCCTGAATCTTCTCAT 3 0 , respectively. The sequence for the resistin probe was 5 0 TCTAGCC AGACCCTGTGCTCCATGG 3 0 . Ribosomal 18S RNA (rRNA) was used as an internal control and measured by the Universal 18S system from Ambion (Austin, TX, USA). The primers to competimers ratio was 4 : 6. The probe for 18S was the rRNA Ambiprobe from Applied Biosystems.
A sample of 50 ng of total RNA was used per assay. RT-PCR conditions were 481C at 50 min for reverse transcription, and 40 cycles of 601C for 1 min, followed by 901C for 15 s. Data were obtained as Ct values (the number of cycles at which logarithmic plots of PCR product accumulation cross a specific threshold line), according to the manufacturer's Genome-wide scan of resistin mRNA expression ME Tejero et al specifications. Resistin expression was corrected for measurement error, and calculated as resistin Ct divided by the 18S rRNA Ct, and corrected by the 18S rRNA Ct mean in any given run. Inter-and intra-assay coefficients of variation for resistin expression were 6 and 4%, and for the 18S rRNA, 5 and 7%, respectively.
Genotyping
The DNA was isolated from leukocytes using a phenolchloroform method as described by Rogers et al. 26 Published human PCR primers were used to amplify homologous microsatellite loci from baboon genomic DNA. The PCR products were analyzed on electrophoresis gels on ABI 373 and ABI 377 Automated sequencers (ABI Biosystems, Foster City, CA, USA), using fluorescently labeled primers and Genescan and Genotyper software (Applied Biosystems). The genotyping procedure included 330 short tandem repeat (STR) polymorphisms, covering autosomes, and yielded a map density of 7.2 cM. 27 The initial analysis validated the relationships between animals. The PEDSYS software was use for the management and preparation of baboon genotypes and pedigrees.
Statistical genetic methods
Quantitative genetic analyses were conducted on 404 pedigreed baboons using the maximum likelihood-based, variance decomposition approach that is implemented in the computer package SOLAR (Southwest Foundation for Biomedical Research, San Antonio, TX, USA). 28, 29 The variance of the phenotype (resistin mRNA abundance), represented as s at zero. 29 Heritability of resistin mRNA was calculated using covariates such as sex, age, age-by-sex interaction, age 2 , age 2 -by-sex interaction, body weight, adipose cell volume and number, and adipose triglyceride content. Bivariate analyses were conducted to identify genetic correlations among the traits. The phenotypic correlation between two traits can be expressed in terms of the underlying genetic and environmental correlations, correcting for the use of related individuals, by using the equation:
In this equation, h Evidence for pleiotropic effects (same genes influencing several phenotypes) was analyzed between the resistin mRNA levels, body weight, BMI, cytokines, glucose and insulin concentrations in fasting plasma.
The use of the variance decomposition approach requires the estimation of the identity by descent (IBD) matrix. A pair-wise maximum likelihood-based procedure was used to estimate the IBD probabilities. An extension of the technique described by Fulker et al 30 was applied to perform the multipoint analysis and the QTL mapping.
Results Table 1 contains information of the relative pairs in the studied sample. The mean and s.d. for the expression of resistin mRNA in adipose tissue was 25.573.9 Ct, with no difference according to sex (Table 2 ). Males had higher body weights and lower insulin levels than females. No differences were observed between males and females in BMI or levels of plasma glucose or CRP. Univariate quantitative analysis found a significant additive heritability of 23% (P ¼ 0.003) for resistin mRNA levels in adipose tissue. Significant heritability values were observed for the other traits in baboons (Table 2) . A highly Genome-wide scan of resistin mRNA expression ME Tejero et al significant genetic correlation was observed between resistin mRNA levels and CRP (r ¼ 0.97, P ¼ 0.02). No significant genetic correlation was observed between resistin expression and the other traits in baboons.
The genome scan detected a maximum LOD score of 3.84 for resistin mRNA levels in the region between markers D19S431 and D19S714, at 17.6-34.7 cM, corresponding to human chromosome 19 p13.3. A secondary signal was observed on chromosome 17 (LOD score 1.65) at marker ATAG010. Results are shown in Figure 1 as a string plot.
Discussion
The present study used resistin mRNA expression levels in the omental adipose tissue of baboons as a novel phenotype for genetic analyses. The genome scan identified a QTL (LOD score 3.84) in the location that corresponds to human chromosome 19p13.3. The resistin gene is located in this region (17) Yang et al 33 reported the mRNA expression profile of human visceral adipose tissue using microarray analysis. The region on chromosome 19 was found to encode a large number of genes expressed in this tissue. These genes are related to processes implicated in the metabolic syndrome as described below, including the resistin gene (RSTN), the insulin receptor substrate (INRS), angiopoietin-like 4 molecule (PGA) and low-density lipoprotein receptor (LDL-R).
Results from the present study imply that regulatory elements in the resistin gene may influence its own transcription rate. The resistin gene is polymorphic in humans and genetic variation has been associated with obesity and insulin sensitivity phenotypes. 18, 19 Studies on the association of resistin polymorphisms in humans have identified single-nucleotide polymorphisms (SNPs) that appear to be associated with a BMI 430 kg/m 2 in subjects from the Quebec City area. However, this observation was not replicated in a population from Scandinavia. No association between genetic variants in the 5 0 flanking region of the resistin gene and type II diabetes was found in US Caucasian subjects. Yet, a synergistic effect did exist between different sequences and obesity and the risk of type II diabetes. 34 Another study by Ma et al 35 Genome-wide scan of resistin mRNA expression ME Tejero et al between sequence variants in the resistin gene and obesity. A recent study by Smith et al 36 reported that the G/G genotype of the À180 C-G SNP in the promoter region of the human resistin gene had higher mRNA abundance in cultured adipocytes and in vivo abdominal subcutaneous fat. These findings support our observations, suggesting that polymorphisms in regulatory elements in the resistin gene can regulate variations in mRNA expression levels. In addition, the study by Smith et al found a relationship of resistin mRNA abundance in human subcutaneous adipose tissue with insulin resistance and hepatic fat, and proposed a possible role for resistin in the development of the metabolic syndrome.
The second candidate gene in the region of our QTL, which may influence resistin mRNA levels, is the insulin receptor (INSR). This gene encodes a key protein in the insulin response cascade. The insulin receptor binds insulin, and has a tyrosine-protein kinase activity. Mutations in INSR have been observed in insulin resistance syndromes, and a polymorphism in intron 9 of the INSR gene was associated with hypertension. 37 As described above, resistin has been associated with insulin sensitivity in humans 9 and mice, 2 but its relationship with the insulin receptor gene is unexplored.
The third candidate gene in the 19p13 chromosomal region is the novel angiopoietin-like 4 protein (PGAR). This gene encodes a protein expressed in adipose tissue. Expression of PGAR protein is induced by PPAR g activation, which is known to elicit insulin sensitivity. 38 PGAR expression is elevated in genetic models of obesity. Studies on this protein suggest a role as an intercellular or inter-tissue signaling molecule, but its function has not yet been defined. Finally, the gene for the LDL receptor (LDL-R) is located approximately 3 kb from the resistin gene. This receptor has a critical role in the uptake of triglycerides from LDL, and a mutation in this gene has been associated with obesity in normotensive 39 and hypertensive subjects. 40 Interestingly, a recent study by Jove et al 41 reported a negative correlation between resistin mRNA levels in omental fat and cholesterol levels after treatment with fenofibrate. This study indicated a possible link between cholesterol and resistin expression; however, the mechanism remains to be studied. It is interesting that phenotypes related to genes in the 19p13.3 region, such as insulin resistance, high blood pressure, dyslipidemia and elevated BMI, are components of the metabolic syndrome. 42 The clustering of these genes suggests that they may segregate together. 33 Further studies on the significance of the genetic proximity of these genes are needed to elucidate the possible combined effect that genetic variation in this region has on phenotypes associated with the metabolic syndrome. The characteristics of baboons presented in Table 2 confirm findings in previous studies from our laboratory. 25 A sexual dimorphism is present in adult baboons, reflected by the difference in body weight between male and female animals. However, no difference in resistin mRNA expression was observed according to sex. This finding is in contrast to Nogueiras et al, 43 who reported higher levels of resistin mRNA in the adipose tissue in male rats, as compared to females. Genetic correlation is a direct measurement of pleiotropy, and indicates that a common set of genes regulate a set of traits. 44 In the present study, a significant genetic correlation exists between resistin mRNA levels and circulating levels of CRP, an inflammatory protein elevated in obesity. Circulating levels of the CRP marker are of prognostic value for development of chronic conditions. 16 Since resistin was initially discovered in a murine model of lung allergic response, Stumvull and Häring 17 proposed that this hormone might induce insulin resistance under subclinical inflammatory states. Findings in our study suggest that a common set of genes may regulate circulating levels of CRP and resistin expression (Table 3) . Studies by Savage et al, 46 Janke et al 6 and Nagaev et al 7 analyzed the expression of resistin in human adipocytes. These studies found very low levels of resistin mRNA, and no association with BMI or insulin resistance was observed, suggesting that findings in mice may not resemble the role of resistin in humans. However, Fain et al 10 reported that resistin release is largely derived from non-fat cells present in human adipose tissue. We consider our findings significant to humans given the percentage of identity between the baboon and human resistin gene sequence at the cDNA level (95%). The structure of chromosome 19, where the signal for resistin mRNA was located, is highly conserved between baboon and humans. 27 Regarding the resistin mRNA expression in adipose tissue, a study from Smith et al 36 reported a significant correlation between resistin mRNA levels in human adipose tissue and the HOMA-IR index in humans. A similar correlation was observed in a group of unrelated baboons using omental adipose tissue (r ¼ 0.5, Po0.05). 47 Silha et al 48 found an association between this insulin resistance index and the circulating levels of resistin protein.
Overall, these observations suggest that findings from our study resemble the regulation of resistin expression in humans. In summary, this investigation indicates that a region on chromosome 19 harbors a gene or a group of genes that influence the expression of resistin mRNA. The genetic correlation between resistin mRNA and CRP levels indicates Genome-wide scan of resistin mRNA expression ME Tejero et al that a common set of genes are influencing the expression of these phenotypes, and further research is needed to elucidate the relationship between these traits. Fine mapping studies are needed to identify the genetic variation responsible for the QTL for resistin expression in omental adipose tissue.
